Background-Obsessive compulsive disorder (OCD) is a debilitating condition with lifetime prevalence of 1-3%. OCD typically arises in youth but delays in diagnosis impede optimal treatment and developmental studies of the disorder. Research using genetically modified rodents may provide models of etiology that enable earlier detection and intervention. The SAPAP3 knockout (KO) transgenic mouse was developed as an animal model of OCD and related disorders (OCRD). KO mice exhibit compulsive self-grooming behavior analogous to behaviors found in people with OCRD. Striatal hyperactivity has been reported in these mice and in humans with OCD.
Introduction
Obsessive compulsive disorder (OCD) is among the most disabling health conditions (1) and has a lifetime prevalence estimated at 1-3%. OCD involves persistent, intrusive, thoughts and impulses (obsessions) and repetitive, intentional behaviors (compulsions). Although medication and behavioral therapy, available since the 1980s, are useful, they control symptoms with only limited success, the course of OCD remains chronic in most cases, and cure is rare. OCD typically arises in youth but often is diagnosed many years after initial symptoms appear (2) . Delays in diagnosis impede optimal treatment as well as the study of pathogenesis of the disorder. Moreover, as reflected in the DSM-5, OCD is conceptualized among a spectrum of potentially related repetitive behavior disorders, Obsessive Compulsive and Related Disorders (OCRD), including Trichotillomania (hair-pulling), Hoarding Disorder, and Body Dysmorphic Disorder (3) . A better understanding of etiology for these disorders could lead to early diagnosis and enable early intervention. Research using genetically modified rodents may ultimately provide models of etiology, pathophysiology, and pathogenesis that enable earlier detection and intervention for such disorders. For example, studies in the Slitrk5 knockout (KO) mouse model of OCRD, which exhibit compulsive grooming behavior and increased anxiety, revealed orbitofrontal hyperactivity (4) . Other studies in the deer mouse, which is considered a naturalistic model of compulsive behavior disorders because these mice exhibit spontaneous stereotypy, revealed frontal cortex oxidative stress (5) .
Another animal model of OCRD, the SAPAP3 KO mouse (6) , exhibits cortico-striatalthalamic-cortical (CSTC) circuit dysfunction thought to be a core feature of OCD (7) . Biochemical, electrophysiological, and optogenetic studies reveal CSTC circuit defects in mutant mice (6, 8, 9) . SAPAP3 protein, also known as DLGAP3, is a key scaffold protein for the assembly of the glutamatergic cortico-striatal synapses and the SAPAP3/DLGAP3 gene has been associated with OCRD and is considered a candidate gene for the DSM-5 Tic disorder, Tourette syndrome (TS) (10) (11) (12) (13) . Deletion of the SAPAP3 gene in mice results in severe compulsive grooming behavior that leads to facial hair removal and skin lesions, as well as anxiety-like behavior (6) . Compulsive grooming and anxiety in KO mice are alleviated rapidly, within 6 days, by treatment with fluoxetine (6), a selective serotonin reuptake inhibitor (SSRI) and first line medication for OCD patients.
SAPAP3 KO mice exhibit substantially increased resting state striatal medium spiny neuron (MSN) firing rates (9) . As MSNs comprise nearly 90% of all neurons within rodent striatum (14) , their tonic hyperactivity in mutant mice could lead to a striatal hypermetabolic state similar to that detected with Positron Emission Tomography in people with OCD (15) (16) (17) (18) .
Moreover, increased activation of striatum in OCD as detected by functional imaging has been associated with OCD symptoms (e.g., 19 ) and relieved by successful treatment (20) . Studies of OCRD and TS also report striatal structural (e.g., [21] [22] and functional (e.g., [23] [24] abnormalities, further supporting the hypothesis that the striatal node of the CSTC circuit is a critical element of compulsive behavior disorders.
Striatal fast-spiking parvalbumin-positive (PV+) GABA inhibitory potently inhibit striatal MSN firing and modulate action selection behavior (25) (26) , and their reduction in SAPAP3 KO mice (9) could contribute to striatal MSN hyperactivity and abnormal behaviors. Restoration of SAPAP3 KO mouse PV+ interneuron activity via lateral orbitofrontal corticostriatal optogenetic stimulation normalizes overgrooming behavior (9) , suggesting that PV+ interneurons play a key role in mediating compulsive behaviors in these mice. Interestingly, caudate nucleus and putamen PV+ interneuron densities also are reduced in people with TS (27) (28) and PV gene expression is reduced in prefrontal cortex in humans with OCRD (29) . Accordingly, it appears that PV+ interneuron abnormalities may be a common feature of compulsive behavior disorders in rodents and humans. SAPAP3 KO mice appear to model some key aspects of OCRD in humans and thus may be useful for helping to elucidate the etiology, pathophysiology, and pathogenesis of these disorders.
In this study, we used 9.4 Tesla proton magnetic resonance spectroscopy (MRS), a noninvasive imaging method well-suited for longitudinal and translational investigations, to determine whether SAPAP3 KO mice have striatal and medial frontal cortex neurochemical abnormalities. As noted above, existing data suggest that glutamatergic and GABAergic neurotransmission abnormalities, as well as metabolic stress, may exist in KO mice. Further, preclinical studies in the deer mouse model of compulsive behavior disorders identified cortical glutathione depletion, indicative of oxidative stress (5) . That finding is consistent with a clinical trial reporting efficacy of N-acetylcysteine (NAC), a glutamate modulator that also acts as a glutathione precursor (30) , in humans with OCD (31) . Two clinical trials also reported NAC efficacy in nail biting disorder, which also is an OCRD (32, 33) . Accordingly, we hypothesized that young adult SAPAP3 KO mice would exhibit abnormalities in striatal MRS metabolites related to neurotransmission, energy metabolism, and oxidative stress.
Methods and Materials
Mice SAPAP3 KO mice were generated from a C57 mouse strain at the Massachusetts Institute of Technology (MIT) in Cambridge, MA as previously described (6) . Adult female mice were transported from MIT to McLean Hospital by courier for scanning. Animals were housed in groups of four (two wild-type controls (WT) and two SAPAP3 KO) in polycarbonate cages and maintained on a 12:12 h light/dark cycle in a temperature-(22 °C) and humiditycontrolled vivarium. Mice were acclimated for 36-48 hours prior to imaging, which occurred when mice were 3.5-5 months old (Figure 1 ). This age range was selected to determine whether MRS abnormalities could be detected before the onset of the severe compulsive grooming phenotype accompanied by skin lesions, which are 100% penetrant in SAPAP3 KO mice by about 6 months of age (6) . Separate age-matched cohorts of WT and KO mice were scanned using identical procedures, except MRS data were acquired from left striatum or medial frontal cortex (Figure 1 ). Food and water were available ad libitum. All animal procedures were approved by the MIT and McLean Hospital Institutional Animal Care and Use Committees and were conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals (8 th Edition).
Magnetic resonance imaging and spectroscopy procedures
MRI images and MRS spectra were acquired in vivo from isoflurane-anesthetized (1.5-2%) mice using a 9.4 Tesla horizontal-bore scanner equipped with a 60 mm ID, 100 G/cm, imaging gradient (Varian Inc., Direct Drive) and a custom-made volume coil. Physiological parameters, including rectal temperature, respiration rate, and heart rate/ECG, were monitored and maintained throughout all scans (Small Animal Instruments, Inc.). For MRS, three multi-slice images were acquired orthogonally along sagittal, axial, and coronal planes to guide placement of left striatal and medial frontal cortex voxels. MRS abnormalities in people with OCRD have been identified in left and right striatal structures (34) . Because there is no evidence for a lateralized striatal abnormality in SAPAP3 KO mice and because of practical limitations of scanning time with anesthesia, we unilaterally studied left striatum. A 2D fast spin echo coronal MRI acquisition (TR = 2.1 s, TE = 60 ms, in-plane acquisition matrix 128 × 128, 0.17 mm × 0.17 mm × 0.5 mm imaging voxel size) was acquired, on which a striatal (2 × 2 × 2 mm = 8μL) or a medial frontal cortex (2.5 × 2 × 3 mm = 15μL) voxel was superimposed and visualized for optimized placement (Figure 2 , insets).
MRS spectra were acquired using an ultra-short echo-time STEAM (35) sequence with TR=4 s and TE=3 ms, 4096 complex points, 5000 Hz acquisition bandwidth, 1 ms 90° excitation pulse. Voxel shimming was carried out using FASTMAP (36) , which typically resulted in unsuppressed water line widths of 10-13 Hz. Then water spectra were acquired for preprocessing corrections and subsequent normalization. A water unsuppressed reference scan was acquired averaging the same sequence over a single phase cycle (four averages) with the water suppression amplitude set to zero, thus recording all effects of gradients. Water spectra were used for subsequent eddy-current correction and phasing of watersuppressed spectra (37) . Then, free induction decays (FIDs) were acquired using a VAPOR water suppression scheme (38) with a 30 ms sinc pulse (200 Hz water suppression bandwidth), in groups of 128 averages (512 averages total, 34 min total acquisition time).
MRS data processing
MRS spectra were visually inspected and apodized with a 4 Hz exponential filter. Apodization was applied to filter high-frequency noise from the spectra while sharpening spectral features (Figure 2 ). This procedure was evaluated previously and resulted in good improvement in spectral quality without affecting data (39) . The Klose correction, implemented in custom-written Matlab code (Mathworks, Inc, vR2012a), was used to correct the phase and any residual eddy currents using the phase of the unsuppressed water peak (37) . FID blocks were added together using the NAA peak at 2 ppm to synchronize elimination of any residual frequency drift. Subsequently, spectra were automatically fitted with the LCModel (40) using a simulated basis set created with GAVA (41) and water-scaling using the unsuppressed water peaks. Metabolites with Cramér-Rao Lower Bound values exceeding 30% were considered unreliable and were excluded from analyses. Areas of the unsuppressed water peaks were estimated after the data were phased and baseline corrected, with all steps carried out in MestreNova (MNOVA 9.0, Mestrelab.com). LCModel outputs (metabolite concentrations as reported in absolute institutional units by LCmodel) were transformed into ratios with a water denominator by dividing with the water integrals and scaling by an arbitrary multiplicative factor of 1000 for easier readability. Total glutathione was estimated using the glutamate and glycine moieties of glutathione via a standard weighted-sum formula in error analysis (42, 43) . All steps were visually inspected against inadvertent errors.
Statistical Analysis
Two-sample two-tailed t tests were conducted using Stata software (v12, StataCorp, College Station, TX). The Grubb's outlier test (44) was applied to determine whether MRS measures were outliers.
Results
In each brain region, unsuppressed water peaks were statistically equivalent in WT and SAPAP3 KO mice (Table 1) . Accordingly, unsuppressed water was used as a denominator to normalize metabolite levels within each voxel. In striatum, we found lower waternormalized lactate and glutathione (GSH) levels in KO versus WT mice (lactate/water: p = 0.006; GSH/water: p = 0.039, Table 1 ). None of the GSH or lactate values was identified as a statistical outlier. We did not detect group differences in any other striatal metabolite. In KO mice, we did not detect an association between age and either striatal lactate or GSH levels. However, when all mice were considered as a single group, we found a highly significant association between water-normalized striatal lactate and GSH levels (R =0.73, p = 0.007, Figure 3 ). In medial frontal cortex, we did not detect group differences in any MRS metabolite, although in KO mice, there was a trend for higher total choline levels (p < 0.08, Table 1 ).
Only one of the 8 mutant mice in this study had developed skin lesions around the eyes, indicative of onset of severe compulsive self-grooming behavior. This mouse was one of the oldest mice in the study, just over 4.5 months of age at the time of the striatal MRS scan (Figure 1 ).
Discussion
Young adult SAPAP3 KO mice had lower striatal lactate and GSH levels than WT control type mice and among all mice undergoing striatal MRS, the levels of these two metabolites were strongly correlated. Together, these findings suggest that mutant mice experience a combination of striatal metabolic and oxidative stress. Within the age range studied (3.5 to 5.1 months old), we found no associations between age and either lactate or GSH levels in SAPAP3 KO mice, suggesting that MRS abnormalities may become apparent at younger ages. In addition, only one of the 8 mutant mice in this study exhibited fur patterns indicative of skin lesions. Since severe compulsive self-grooming behavior with fur abnormality and skin lesions ultimately is 100% penetrant in SAPAP3 KO mice by about 6 months of age (6), our findings suggest that striatal lactate and GSH abnormalities generally precede the establishment of severe compulsive self-grooming behavior.
Medium spiny neurons are the predominant neuronal subtype within rodent striatum (14) and their tonic hyperactivity in SAPAP3 KO mice, which at rest exhibit 50% greater firing frequencies than WT mice (9), could be metabolically demanding and could trigger increased use of lactate to support the hypermetabolic state. In addition, mitochondrial oxidative stress resulting from metabolic stress can promote an adaptive switch to glycolysis to generate adenosine triphosphate (45) , which could increase lactate catabolism. Either of these phenomena could lead, over time, to lower steady state striatal lactate levels. Lactate declines have been observed in healthy human visual cortex during prolonged visual stimulation (46) , as well as in multiple cortical regions in bipolar disorder patients in the euthymic state, an effect attributed to increased metabolism/mitochondrial stress associated with mood normalization (47) .
The striatal GSH reduction we detected in SAPAP3 KO mice may be indicative of oxidative stress. Because PV and GSH both play important roles in buffering oxidative stress, including stress induced by mitochondrial hydrogen peroxide (H 2 O 2 ), one of the main reactive oxygen species (ROS) generated during mitochondrial oxidative metabolism (48), depletion of either antioxidant could result in depletion of both. PV+ interneurons produce especially high levels of H 2 O 2 and other ROS and thus may be particularly vulnerable to oxidative stress (49) . Accordingly, the GSH depletion we detected in SAPAP3 KO mice could be related or even contribute to the lower levels of striatal PV+ interneurons reported in these mice (9) . Cerebral oxidative stress also can be engendered by anxiety, which is elevated in SAPAP3 KO mice (6) . For example, in rodents, increased anxiety has been linked to higher levels of brain and blood ROS (50) . Other anxiety-provoking conditions including restraint stress increase ROS levels (51-53). Further, chronic psychosocial stress has been reported to deplete hippocampal PV+ neurons in tree shrews (54) . Thus, striatal hypermetabolism and anxiety in SAPAP3 KO mice could both enhance oxidative stress and reduce PV+ interneuron densities. Although fluoxetine's rapid normalization of compulsive behavior and anxiety in SAPAP3 KO mice (6) may be related to serotonin uptake inhibition, its efficacy could be mediated in part by fluoxetine's ability to buffer mitochondrial oxidative stress (55) . Other serotonin uptake inhibitors and tricyclic antidepressants with efficacy for treating OCRD exhibit antioxidant properties (55) , and their antioxidant effects could in part mediate clinical response.
Since striatal PV+ GABA interneuron expression is reduced in SAPAP3 KO mice by nearly 20% (9) and since PV+ neurons contain very high levels of GABA (56), we might have expected to detect lower GABA levels in KO mice. However, PV+ interneurons normally make up less than 1% of the total number of striatal GABA neurons (57); thus, a striatal GABA abnormality limited to PV+ interneurons could be difficult to detect with MRS. Further, PV expression can be dissociated from GABA neuron expression, for example, in mouse cortex, in which repeated ketamine treatments reduced PV+ interneuron counts by more than 30% without altering GABA interneuron numbers (58) . Similarly, PV+ interneuron reductions have been reported without concomitant changes in GABA levels in maternal Ube3a KO mice (59) . That being said, the KO mouse with skin lesions indicative of severe compulsive grooming had the lowest striatal GABA level of all mice in the study, 5.97, more than 1 standard deviation below the KO group mean (Table 1) . That mouse also had striatal glutamate and NAA levels (49.23 and 40.23, respectively) nearly 1 standard deviation below KO group means (Table 1) . Future studies in older mice will be necessary to confirm whether striatal MRS metabolite abnormalities worsen after the onset of severe compulsive grooming.
Our finding of no group difference in striatal glutamate is inconsistent with an MRS report of abnormally elevated striatal glutamate in pediatric OCD, which declined after paroxetine treatment (60) . This apparent discrepancy could be related to species, methodological, genetics, or other differences. However, our null finding in SAPAP3 KO mice is consistent with a recent report in medication-free adults with OCD using optimized striatal glutamate detection methods (61). As noted above, striatal glutamate abnormalities may become apparent in older SAPAP3 KO mice, especially after the onset of severe compulsive grooming.
Our medial frontal cortex null finding was somewhat unexpected since this brain area is part of the CSTC circuitry implicated in OCRD (7) and since other mouse models of compulsive behavior disorders, including Slitrk5 KO and deer mice, both exhibit frontal cortex abnormalities (4, 5) . However, our finding is consistent with a recent human study in people with OCD conducted by our group reporting no glutamate or other MRS metabolite abnormalities in rostral anterior cingulate cortex (62) . Collectively, the results in mouse models could suggest that functional deficits in frontal cortex and/or striatum may be sufficient to alter CSTC circuitry and enable compulsive behaviors. This possibility is supported by findings showing that several days of brief repetitive optogenetic stimulation of medial orbital frontal cortex in wild-type mice engenders cortical and striatal hyperactivation along with persisting compulsive self-grooming behavior, which can be alleviated by fluoxetine (63) .
The present MRS findings further illustrate the utility of the SAPAP3 KO mouse as a translational model for OCRD. Striatal hypermetabolism in SAPAP3 KO mice, manifest as lower lactate levels, appears to parallel striatal glucose hypermetabolism reported in humans with OCRD or TS (15) (16) (17) (18) 64) . Similarly, the striatal oxidative stress we found in SAPAP3 KO mice, manifest as a GSH reduction, appears to parallel reports of peripheral oxidative stress both in children and adults with OCRD or TS (65) (66) (67) (68) (69) (70) (71) . One of these reports (66) noted a strong association between OCD clinical severity (measured with the Yale Brown Obsessive Compulsive Scale) and a serum marker of lipid peroxidation, suggesting that peripheral oxidative stress markers in people with OCRD could be associated with or related to central abnormalities. Polymorphisms of the neuronal glutamate transporter (EAAC1) gene, which mediates cysteine uptake necessary for neuronal GSH production (72) , have been associated with OCD (for review, see 73), further suggesting a link between abnormal GSH levels and OCD.
Although cerebral oxidative stress has not been reported in OCRD, a randomized controlled trial of NAC reduced OCD symptoms (31) , and as noted above, NAC efficacy has been reported in people nail biting disorder (32, 22) , further supporting the possibility that cerebral oxidative stress contributes to these disorders. NAC prevents oxidative stressinduced impairments in PV+ neuron development in preclinical models of schizophrenia (74, 75) and could have similar effects in OCRD. Dopamine, which is rapidly auto-oxidized to generate ROS (76) , is a potential source of striatal oxidative stress in OCRD. In this regard, patients with OCRD or TS have been reported to exhibit higher striatal synaptic dopamine levels (77) (78) (79) (80) (81) (82) . Higher striatal dopamine transporter densities also have been reported in OCRD and TS patients (83) (84) (85) (86) , which could enhance striatal intracellular dopamine auto-oxidation, ROS formation, and oxidative stress (87) .
The parallels between SAPAP3 KO mice and humans with OCRD also suggest that MRS measures of striatal lactate or GSH could be abnormal in humans with these disorders. While a number of striatal MRS studies in people with OCRD have been published (see 34 for review; and 61, 88-92), none reported on lactate or GSH levels. This is due in part to the fact that MRS scan sequences used previously in humans were not optimal for quantifying these metabolites in striatum. The present findings suggest that MRS measurements of striatal lactate and GSH levels using optimized acquisition methods could be informative in people with or at risk for developing OCRD.
Limitations
This study has a number of limitations including its small sample sizes and its crosssectional design. The striatum was selected as a main focus for our initial study because it is a target for the SAPAP3 mutation and it is known to be abnormal based on histochemical and electrophysiological measurements in SAPAP3 KO mice (6, 8, 9) . The present findings suggest that at least with respect to MRS measures, the striatum is more severely affected than medial frontal cortex in young adult SAPAP3 KO mice. It will be important in future studies to determine whether lactate, GSH, and other MRS metabolite abnormalities exist in mutant mice in the thalamus, another CSTC circuit region, as well as in other brain areas. Our findings also suggest that additional MRS studies are necessary during early brain development and in later adulthood, to determine when MRS abnormalities emerge and whether they worsen once severe compulsive grooming behavior has been established. We expect that lactate depletions may correspond with grooming or anxiety severity, as OCD clinical severity is positively associated with striatal glucose metabolic rate (93, 94) and OCD symptoms are associated with striatal activation (e.g., 19 ). We also expect that lactate and GSH may normalize with fluoxetine treatment, as striatal glucose metabolism normalizes with effective OCD treatment (20, 95, 96) . Another limitation of this study is our use of isoflurane anesthesia, which can acutely increase brain lactate levels, possibly by impairing mitochondrial oxidative metabolism (97) . However, since all mice in this study were administered isoflurane at the same concentration and for the same duration, it seems unlikely that the group difference we detected in striatal lactate levels can be attributed solely to isoflurane anesthesia. While we are not aware of any MRS studies reporting effects of isoflurane on GSH levels, isoflurane anesthesia did not alter liver, kidney, lung, or blood GSH levels in mice (98) . To overcome the potential confound of isoflurane anesthesia, we plan future studies with anesthetic regimens that differentially affect lactate and other MRS metabolite levels (97) . Also, in future studies, we will analyze grooming behavior to determine whether MRS abnormalities detected presently are related to or predictive of grooming behavior severity and the development of skin lesions. Another limitation of this study is the relatively large voxel sizes we used, which covered either the entire left striatum or multiple frontal cortex subregions; thus, we cannot discriminate between medial and lateral or dorsal versus ventral striatal subdivisions, which play different roles in behavioral control (99) , or between medial orbital and prelimbic/infralimbic frontal cortical areas, which may be differentially affected in SAPAP3 KO mice.
Conclusions
Our findings suggest that SAPAP3 KO mice exhibit striatal hypermetabolism and oxidative stress. The data support the need for future longitudinal studies in KO mice to assess the time courses of lactate and GSH changes in striatum and other brain regions, to determine whether associations exist between lactate or GSH levels and striatal PV+ interneuron densities, and to determine whether existing and experimental interventions normalize MRS and striatal PV+ interneuron abnormalities. Our findings also suggest that MRS studies of striatal lactate and GSH levels in humans with OCRD could be informative and potentially lead to the development of new methods for early diagnosis and treatment. Correlation plot showing the relationship between striatal water normalized lactate and glutathione levels (including only measurements with Cramér-Rao Lower Bound (CRLB) values ≤ 30%). Wild type mice (WT, N=7, 1 mouse had a lactate CRLB <30%) are shown as open circles and SAPAP3 knockout mice (KO, N=5, 3 mice had lactate CRLBs <30%) are shown as filled circles. Also shown is the 95% confidence interval. Table 1 Striatal and medial frontal cortex proton MRS measures in SAPAP3 knockout (KO) and wild-type control (WT) mice
MRS Measure
WT † KO † P-values § (t-statistic, df)
